Prostaglandin E 2 (PGE 2 ) is derived from arachidonic acid, whereas PGE 3 is derived from eicosapentaenoic acid (EPA) using the same downstream metabolic enzymes. Little is known about the impact of EPA and PGE 3 on b-cell function, particularly in the diabetic state. In this work, we determined that PGE 3 elicits a 10-fold weaker reduction in glucose-stimulated insulin secretion through the EP3 receptor as compared with PGE 2 . We tested the hypothesis that enriching pancreatic islet cell membranes with EPA, thereby reducing arachidonic acid abundance, would positively impact b-cell function in the diabetic state. EPA-enriched islets isolated from diabetic BTBR Leptin ob/ob mice produced significantly less PGE 2 and more PGE 3 than controls, correlating with improved glucose-stimulated insulin secretion. NAD(P)H fluorescence lifetime imaging showed that EPA acts downstream and independently of mitochondrial function. EPA treatment also reduced islet interleukin-1b expression, a proinflammatory cytokine known to stimulate prostaglandin production and EP3 expression. Finally, EPA feeding improved glucose tolerance and b-cell function in a mouse model of diabetes that incorporates a strong immune phenotype: the NOD mouse. In sum, increasing pancreatic islet EPA abundance improves diabetic b-cell function through both direct and indirect mechanisms that converge on reduced EP3 signaling.
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A diet high in essential n-3 (also called v-3 or omega-3) polyunsaturated fatty acids (PUFAs) is proposed to be beneficial in chronic conditions such as diabetes; yet, direct confirmation of these effects and the mechanisms mediating them remains elusive (1) . Intact PUFAs can activate b-cell G-protein-coupled receptors (GPCRs) that stimulate insulin secretion (2) . However, PUFAs are metabolized, and the regulatory action of their bioactive compounds, particularly those of the 3-series, on b-cell biology is not well understood.
Previous work from our laboratory and others' demonstrates an increase in the production of prostaglandin E 2 (PGE 2 ), an eicosanoid derived from the n-6 PUFA arachidonic acid (AA), and/or its receptor EP3 from islets isolated from diabetic mice and humans with diabetes (3-8) (see Table 1 for a list of abbreviations of all fatty acid species, metabolites, metabolic enzymes, and signaling enzymes used in this study). Upregulation of this signaling pathway actively contributes to diabetic b-cell dysfunction (3, 6, 7) . The n-3 PUFA, eicosapentaenoic acid (EPA), competes with AA for the same eicosanoid biosynthetic enzymes, yielding PGE 3 instead of PGE 2 . We therefore questioned whether shifting plasma membrane PUFA composition to favor EPA would alter eicosanoid production and limit EP3 signaling, resulting in enhanced b-cell function in two mouse models of diabetes: the BTBR-Ob mouse, a strong model of obesity-linked type 2 diabetes (T2D), and the NOD mouse, a strong model of immunemediated type 1 diabetes (T1D).
RESEARCH DESIGN AND METHODS

Antibodies, Chemicals, and Reagents
Monoclonal insulin/proinsulin and biotin-conjugated antibodies were from Fitzgerald. RPMI 1640 medium was from Gibco. EPA, fatty acid-free BSA, and prostaglandin PGE 2 were from Sigma-Aldrich. PGE 3 and the PGE 2 monoclonal ELISA kit were from Cayman Chemical. L-798,106 was from Tocris Bioscience. Interleukin-1b (IL-1b) was from Miltenyi Biotec. RNeasy Mini Kit and RNase-free DNase set were from Qiagen. High-Capacity cDNA Reverse Transcription Kit was from Applied Biosystems. FastStart Universal SYBR Green Master mix was from Roche. 
EPA-Enriched Diet Studies
Upon weaning (3 to 4 weeks of age), male BTBR-WT and Ob mice were fed a modified AIN-93G base diet with or without 2 g/kg EPA or a standard chow diet (Envigo) (Supplementary Table 1 ). To limit endogenous AA and EPA production from shorter-chain n-6 and n-3 PUFAs, coconut oil replaced soybean oil as the predominant fat source (Supplementary Table 1 ). After 6 to 7 weeks on the diet, mice were subjected to oral glucose tolerance tests (OGTTs: 1 g glucose/kg body weight) and/or sacrificed for islet isolation, although the BTBR-Ob mice that did survive to 10 weeks of age were not subjected to OGTT and did not have recoverable islets. NOD mice (male and female) were also started on the control or EPA-enriched diet upon weaning until 17 weeks of age. Mice were subjected to OGTTs, pancreas collection for tissue embedding and sectioning, or islet isolation for functional studies and/or gene expression analyses.
EPA Conjugation and Incubation
EPA was reconstituted to the manufacturer's recommended concentration in 100% ethanol prior to use and conjugated to sterile filtered 10% fatty acid-free BSA in culture media for 60 min. Conjugated EPA was added to culture medium containing final ethanol and BSA concentrations of 0.1 and 1%, respectively, to minimize cell distress. Islets were then incubated for 48 h with EPA or BSA control medium prior to downstream applications.
Islet Isolation for Ex Vivo Fatty Acid Incubation and Glucose-Stimulated Insulin Secretion Assay
Islets were isolated from 10-week-old male and 10-13-week-old female BTBR-Ob mice as previously described (9) . All BTBR-Ob mice were severely diabetic (fasting blood glucose .500 mg/dL) prior to islet isolation. Glucosestimulated insulin secretion (GSIS) assays were performed as previously described (10) after the indicated treatments. Pooled islets from male and female animals were used for all in vitro experiments.
Lipid Extraction and Gas Chromatography Analysis
Prior to lipid analysis, islets were washed once with PBS and snap frozen. The samples were then vortexed vigorously in a 2:1 CHCl 3 /MeOH mixture with 10 mg/100 mL butylated hydroxytoluene. A Folch lipid extraction followed by thinlayer chromatography to separate lipid classes was performed as previously described (11). Gas chromatography analysis was performed as previously described (12) .
IL-1b Treatment
Lyophilized IL-1b was reconstituted per the manufacturer's recommendation. Culture media containing the indicated concentration of IL-1b, without EPA, was then added to islets for 24 h prior to further analysis.
RNA Isolation, cDNA Synthesis, and Gene Expression Analysis RNA isolation, cDNA synthesis, and gene expression analysis was performed as previously described (13) . All gene expression was normalized to that of b-actin. Primer sequences are available upon request.
Mass Spectrometry Analysis
Media samples analyzed by mass spectrometry were collected and immediately snap frozen. Liquid chromatographytandem mass spectrometry (LC/MS/MS) analyses were performed by the Vanderbilt University Eicosanoid Core Laboratory.
PGE 2 Analysis
Media samples were collected and immediately snap frozen prior to analysis. A PGE 2 ELISA was performed according to the manufacturer's protocol.
Fluorescence Lifetime Imaging of NAD(P)H
Islets were imaged on a custom-built multiphoton laser scanning system described previously in Gregg et al. (14) . The islets were imaged in standard external solution (135 mmol NaCl, 4.8 mmol KCl, 5 mmol CaCl 2 , 1.2 mmol MgCl 2 , 20 mmol HEPES, and 10 mmol glucose; pH 7.35) containing BSA and with or without EPA as indicated. A custom MATLAB script was used to generate phasor histograms using the equations first described in Digman et al. (15) .
Quantification of NOD Islet Immune Infiltration
NOD mouse pancreata were collected at the end of the feeding study and fixed for frozen sections as previously described (13) . The 10-mm serial sections were cut on positively charged slides, with 18 sections per stop position (3 per slide) and 3 stop positions per pancreas separated by at least 200 mm. Following hematoxylin and eosin staining, quantification of immune infiltration was accomplished using a numerical scoring system, ranking the extent of immune infiltration from no immune cells present (score of 0) to an islet that was completely infiltrated with immune cells (score of 4). Every islet in each section was scored, and the scores for each section averaged with those of the other two to yield one biological replicate.
Statistical Analysis
Data are displayed as means 6 SEM unless noted otherwise. Statistical significance was determined by a t test or one-or two-way ANOVA as specified in each figure legend (Prism version 6; GraphPad Software, San Diego, CA). Statistical significance was determined as P , 0.05. Studies exploring dietary interventions to alter plasma membrane PUFA composition have predominantly been performed in rapidly replicating cell types (16, 17) . To our knowledge, no studies have explored whether a high n-3 PUFA diet alters the phospholipid composition of islets. First, we confirmed no significant differences in membrane phospholipid AA or EPA abundance between islets isolated from chow-fed BTBR-WT and BTBR-Ob animals (Fig. 1A) . The ratio of islet AA and EPA between the genotypes was nearly identical (Fig. 1B) . A detailed phospholipid fatty acid analysis showed no differences in any other fatty acids save a small yet statistically significant difference in the concentration of stearic acid (18:0) ( Table 2 , left columns).
We could not detect any AA or EPA in the chow diet itself (Supplementary Table 2 , left column). Therefore, in vivo elongation and desaturation of linoleic acid (18:2 [n-6]) and a-linoleic acid (18:3 [n-3]) are the sole sources of AA and EPA for mice fed the chow diet. We next synthesized a chemically defined diet devoid of AA and only essential amounts of linoleic acid (LA) and a-LA (ALA), with or without the addition of EPA at a concentration of 2 g/kg diet. Fatty acid analysis of diet samples confirmed significant EPA enrichment in the EPA diet as compared with both chow and control (Supplementary Table 2 ). After 6 weeks of EPA-enriched diet feeding upon weaning, islets isolated from BTBR-WT mice had 50% lower phospholipid AA as compared with islets from mice fed the control diet (Fig. 1C) . Moreover, EPA-enriched diet feeding increased islet phospholipid EPA to 5% from undetectable in islets from control-fed animals (Fig. 1C ). There were no significant differences in other measured fatty acids (Supplementary Table 3) .
Next, we performed a dietary intervention study with BTBR-WT and BTBR-Ob mice fed chow or our chemically defined diets, recording random-fed blood glucose measurements weekly. In BTBR-WT mice, there was no effect of either diet on glycemia, weight gain, food intake ( Fig.  1D , E, and G; closed symbols), or glucose tolerance (Supplementary Fig. 1 ). In BTBR-Ob mice, the chemically defined base diet itself, along with the EPA-supplemented diet, accelerated the development of hyperglycemia (Fig.  1D , open symbols). Interestingly, enriching the diet with AA instead of EPA further accelerated the hyperglycemic phenotype (Fig. 1D , open upside-down triangles). This accelerated diabetes development in all three chemically defined diet groups is also evident in their wasting (i.e., a failure to gain weight even in the face of a higher mean food intake) ( Fig. 1F and H) . Substituting amylose for dextrose or corn oil for coconut oil did not ameliorate the diabetogenic phenotype (data not shown). Because of their extreme and early hyperglycemia, glucose tolerance tests were not performed on the BTBR-Ob mice, and islets could not be isolated for analysis. We believe the switch to a chemically defined diet induces an environmental change that the BTBR-Ob mice are particularly susceptible to, but we cannot confirm this at this point.
To determine if we could achieve similar changes in islet phospholipid content ex vivo, we incubated islets isolated from BTBR-WT mice with BSA control or BSAconjugated EPA medium for 48 h. Like islets from mice fed standard chow (Fig. 1A) or the chemically defined control diet (Fig. 1C) , isolated islets cultured in control medium showed high phospholipid AA content as compared with EPA ( Fig. 2A , black bars), correlating with a phospholipid AA/EPA ratio of .70 (Fig. 2B , black bar). With EPA treatment, though, islet phospholipid AA was reduced and EPA increased ( Fig. 2A , striped bars), resulting in a 20-fold decrease in the AA/EPA ratio ( Fig. 2B , striped bar). There were no significant differences in other measured fatty acids ( Table 2 , right columns).
EPA Phospholipid Enrichment Enhances GSIS in Both BTBR-WT and BTBR-Ob Islets Ex Vivo
Fatty acids, including EPA, have been reported to have both detrimental and beneficial effects on islet function, in part depending on whether they are given acutely or chronically (2, (18) (19) (20) . To determine whether chronic EPA treatment influences islet function, we performed GSIS assays using islets isolated from BTBR-WT or BTBR-Ob mice incubated with control or EPA-enriched media. EPA treatment did not affect the total insulin secreted from BTBR-WT islets, but did increase the total insulin secreted from BTBR-Ob islets by 30% (Fig. 2C ). EPA treatment reduced total insulin content of BTBR-WT islets by 20%, while having no effect on total insulin content of BTBR-Ob islets (Fig. 2D) .
When secreted insulin is normalized to total insulin content to give GSIS (expressed as percentage), islets isolated from BTBR-Ob mice showed a 20% decrease in 16.7 mmol/L GSIS as compared with islets isolated from BTBR-WT mice, confirming our previous results (3) (Fig. 2E , open vs. filled circles). EPA enrichment increased 16.7 mmol/L GSIS from both WT and BTBR-Ob islets, with islets from BTBR-WT mice showing a 27% increase in GSIS (Fig. 2E , filled triangles vs. filled circles) and islets from BTBR-Ob mice showing a 50% increase in GSIS (Fig. 2E, open triangles vs. open circles), restoring their responsiveness to that of BTBR-WT control islets. Of note, the 16.7 mmol/L GSIS response in BTBR-Ob islets treated with EPA was statistically indistinguishable from that achieved with the specific EP3 antagonist L798,106 (EPA: 1.95 6 0.16% total content vs. L798,106: 1.86 6 0.30% total content; N = 3; P = 0.77). EPA enrichment did not affect the half-maximal effective concentration for GSIS, which was right-shifted in both of the BTBR-Ob groups (Fig. 2E, dashed lines vs. solid lines) . The increased threshold for GSIS and decreased insulin content (Fig. 2D ) of the BTBR-Ob islets are consistent with their isolation from a severely diabetic mouse model. EPA enrichment decreased the insulin content of BTBR-WT islets; thus, increased GSIS in nondiabetic islets might be a compensatory response to decreased content, or it could represent a switch in cellular fuel usage because of increased fatty acid availability. To exclude the possibility that EPA exerts its stimulatory effect by enhancing mitochondrial tricarboxylic acid cycle or electron transport chain function, NAD(P)H fluorescence lifetime imaging (FLIM) (14) was performed on control and EPA-enriched BTBR-WT islets at low (2 mmol/L) and high (10 mmol/L) glucose (Fig. 2F) . NADH consumption by the mitochondrial respiratory chain was assessed by the further application of rotenone (5 mmol/L, complex I inhibitor). The discrete lifetimes of NADH and NADPH calculated from each image pixel were plotted as phasor histograms (i.e., frequency distributions) such that each Figure 1 -Islet phospholipid AA and EPA contents are reflective of diet and can be changed in vivo. Islets were isolated from 10-week-old BTBR-WT and BTBR-Ob mice and subjected to lipid extraction followed by thin-layer chromatography to isolate the phospholipid fraction for fatty acids species determination by gas chromatography. AA and EPA are displayed as a percent of total fatty acids (A) or the ratio between the two (B). Data were compared by unpaired t test within each species (n = 11-15). C: Fatty acid analysis as described above was performed with islets from BTBR-WT mice fed a chemically defined control (Ctrl) or EPA-enriched diet for 6 weeks after weaning. N = 5-7; ****P < 0.0001. D-H: BTBR-WT and BTBR-Ob mice were fed a chow diet or an AIN-93g-based control, EPA-enriched, or AA-enriched diet for 6 weeks upon weaning. Random-fed blood glucose (D), weight (E and F), and food intake (G and H) were measured weekly starting the Monday after the diet was started (3-6 days after diet start). Data were analyzed by two-way ANOVA with a Tukey posttest (n = 2-6). ND, not detected. *P < 0.05, **P < 0.01, ***P < 0.001 compared with Chow OB; †P < 0.05 compared with Ctrl OB.
mixture of lifetimes occupies a unique position in 1-g and s space. The lack of any EPA-induced changes in coenzyme binding to protein, which would otherwise move the phasor histogram on the 1-g and s-axes, indicates that EPA acts to enhance secretion at a site distal to the mitochondria, consistent with an enhancement of the insulin exocytosis process itself. The predominant cyclooxygenase (COX) isoform in the b-cell is COX-2, which we previously demonstrated was upregulated in BTBR-Ob mouse islets versus BTBR-WT (3). We aimed to determine the effect of EPA enrichment on COX-2 and other PGE synthetic enzymes, including phospholipase A2 (Pla2), which cleaves AA from plasma membrane phospholipids, and PGE synthase (Ptges), which converts PGH 2 into PGE 2 . Similar to our previously published results, COX-2 mRNA expression (gene name: Ptgs2) is upregulated 3.5-fold in BTBR-Ob islets as compared with BTBR-WT (Fig. 3A) . Furthermore, COX-1 mRNA expression (gene name: Ptgs1) is increased threeto fourfold, and Pla2g4a expression, a phospholipase gene that has been linked to T2D (21) , is increased fourfold (Fig. 3A) . The expression of Pla2g6, Ptges, Ptges2, and Ptges3 was unchanged by genotype (Fig. 3A) .
Consistent with our previous findings (3), cultured BTBR-Ob islets produced about 650% more PGE 2 than BTBR-WT islets (Fig. 3B, black bars) . EPA enrichment of islets from BTBR-WT mice did not change PGE 2 production (Fig. 3B, left) . However, EPA enrichment of BTBR-Ob islets reduced PGE 2 production by 50%, to a level similar to EPAtreated WT islets (Fig. 3B, striped bars) . Moreover, EPA enrichment increased PGE 3 production from both BTBR-WT and BTBR-Ob islets as compared with control-treated islets, which had undetectable PGE 3 production (Fig. 3C ). Like PGE 2 production, BTBR-Ob islets had the highest PGE 3 production. Overall, these results confirm our hypothesis that enriching islet phospholipids with EPA, thus reducing AA, shifts prostaglandin production to favor PGE 3 as opposed to PGE 2 . PGE 3 Has a Weaker Inhibitory Effect on BTBR-Ob Islet GSIS Than PGE 2 We hypothesized that altering the PGE 2 /PGE 3 ratio might be at least partially responsible for the protective effect of EPA on GSIS from BTBR-Ob islets. Similar to our previous results with PGE 1 (3), neither PGE 2 nor PGE 3 affected the GSIS response from BTBR-WT islets (Supplementary Fig. 2 ). However, PGE 2 and PGE 3 both reduced the GSIS response from BTBR-Ob islets in a dose-dependent manner, but the IC 50 for reducing GSIS was ;10-fold weaker for PGE 3 as compared with PGE 2 (Fig. 3D) , a difference that was statistically significant (13.8 6 6.5 vs. 171.7 6 61.5 nmol/L; P , 0.05). Moreover, the effects of both PGE 2 and PGE 3 could be fully competed by increasing concentrations of the specific EP3 antagonist L798,106 (Fig. 3E) .
EPA Reduces EP3 Gene Expression but Not That of Other EP Receptor Family Members
Next, we asked whether enriching BTBR-Ob islet phospholipids with EPA would influence EP3 receptor mRNA expression (gene name: Ptger3), the other aspect of PGE 2 signaling that is upregulated in diabetic islet. Similar to our previous results (3), we show a .10-fold increase in Ptger3 expression in BTBR-Ob islets as compared with BTBR-WT islets (Fig. 4, open circles) . However, EPA enrichment reduced this enhanced Ptger3 expression by approximately fivefold, whether assayed as total mRNA or at the splice variant level (Fig. 4, a, b, and ɣ) . The other EP receptors that are expressed in BTBR-Ob islets are EP1 (gene name: Ptger1) and EP4 (gene name: Ptger4) (3).
We confirm a twofold increase in EP4 but not EP1 gene . Data were compared by unpaired t test within each species (n = 5-7). ****P < 0.0001. C: GSIS response of BTBR-WT or BTBR-Ob islets incubated with Ctrl or EPA medium. Data are represented as secreted insulin as a percentage of total content and compared by two-way ANOVA followed by a Sidak test post hoc (n = 4-6). *P < 0.05. D: Total islet insulin content from BTBR-WT and Ob islets treated with Ctrl or EPA-enriched medium. Data were compared by one-way ANOVA followed by a Tukey test post hoc (n = 4-6). *P < 0.05; ****P < 0.0001. E: GSIS response of BTBR-WT or BTBR-Ob islets incubated with Ctrl or EPA medium. Data are represented as secreted insulin as a percentage of total content and compared by two-way ANOVA followed by a Sidak test post hoc (n = 4-6). **P < 0.01. F: Islets isolated from BTBR-WT mice were incubated with BSA control or EPA-enriched medium for 48 h followed by multiphoton NAD(P)H-FLIM analysis. Representative intensity images are displayed above phasor histograms showing the frequency distribution of NAD(P)H lifetimes. Scale bars, 5 mm. The phasor histogram peaks (1 2 g max , s max ) were plotted for control and EPA-treated islets in the presence of 2 mmol/L glucose (2G), 10 mmol/L glucose (10G), and 10 mmol/L glucose plus 5 mmol/L rotenone to inhibit Complex I (10G/Rot). Data were compared by one-way ANOVA followed by a Tukey test post hoc (n = 30-41 islets per condition from 4 animals each).
expression in BTBR-Ob islets as compared with BTBR-WT (3), levels that were unchanged with EPA treatment (Fig. 4) .
Elevated IL-1b Expression Drives Prostaglandin Production in BTBR-Ob Islets
Treatment with the proinflammatory cytokine IL-1b has been shown to upregulate islet COX-2 and EP3 expression and/or PGE 2 production itself, effects that are reduced by the COX inhibitor sodium salicylate (8, 22) . We aimed to determine the relevance of IL-1b to the BTBR-Ob model, as well as any impact of EPA enrichment. We found that IL-1b mRNA expression is threefold higher in BTBR-Ob islets as compared with BTBR-WT (Fig. 5A , black bars). Furthermore, EPA treatment reduces IL-1b mRNA expression from both BTBR-WT and BTBR-Ob islets, the latter by more than twofold (Fig. 5A, striped  bars) . 
[PGE2] or [PGE3]
PGE2 (10 nM) PGE3 (100 nM) Figure 3 -PGE 2 production is reduced and PGE 3 is increased in BTBR-Ob islets treated with EPA. A: BTBR-WT and BTBR-Ob islets were incubated with BSA control (Ctrl) or EPA-enriched medium for 48 h, and islets were then snap frozen for gene expression analysis. Data were compared by one-way ANOVA with a Tukey posttest (n = 4 to 5). ****P < 0.0001 compared with BTBR-WT Ctrl. B and C: BTBR-WT and BTBR-Ob islets were incubated as above, medium collected and snap frozen, and prostaglandin analysis was performed by mass spectrometry. PGE 2 and PGE 3 concentrations were normalized to the number of islets for each treatment. Data were compared by one-way ANOVA followed by a Tukey posttest (n = 4-6). **P < 0.01, ***P < 0.001, ****P < 0.0001 compared with BTBR-WT Ctrl; #P < 0.05, ###P < 0.001 compared with BTBR-Ob Ctrl. D: Isolated BTBR-Ob islets were stimulated with increasing concentrations of PGE 2 or PGE 3 for 45 min. Data are represented as a fold change to maximal stimulation at 16.7 mmol/L glucose. Dose-response curves were compared by a two-way ANOVA followed by a Sidak test post hoc. N = 4 to 5; *P < 0.05. E: Isolated BTBR-Ob islets were stimulated with increasing concentrations of the competitive EP3 antagonist L798,106 in the presence of the approximate IC 50 for PGE 2 (10 nmol/L) or PGE 3 (100 nmol/L). Data are shown as a fold change to maximal stimulation by 16.7 mmol/L glucose (n = 3).
To determine if the upregulation of IL-1b is sufficient to increase PGE 2 production and signaling in islets isolated from nondiabetic mice, we incubated BTBR-WT islets in control or EPA-enriched medium for 48 h and then changed the islets to fresh medium containing 10 ng/mL IL-1b for 24 h. We assayed the subset of prostaglandin production and signaling genes for which expression was significantly different between BTBR-WT and BTBR-Ob islets (Figs. 3 and 4) and found a threefold increase in COX-2 mRNA with IL-1b treatment (Fig. 5B) . This effect was partially ameliorated by EPA enrichment, reducing COX-2 mRNA expression to only 1.5-fold that observed in control islets. The elevation in COX-2 mRNA expression corresponded with increased PGE 2 production that was also partially reduced by EPA enrichment (Fig. 5C) . PGE 3 was undetectable in islet samples that were not enriched with EPA, and the IL-1b-treated group had the highest mean PGE 3 production, although this was not statistically different from EPA-enriched control islets (Fig. 5D) .
The data shown in Fig. 5C and D are displayed as fold change versus control because of variation in absolute quantification of PGE 2 or PGE 3 across the four experimental replicates. To ensure that this variation was not the result of differences in recovery after extraction for LC/MS/MS, we measured PGE from unextracted medium using a PGE 2 ELISA kit that has 43% cross-reactivity with PGE 3 (Prostaglandin E 2 ELISA Kit, Monoclonal; Cayman Chemical) and obtained very similar results (Fig. 5E) . These results suggest that although different BTBR-WT islet preparations may have different baseline capacities for PGE production after 3 days of culture, IL-1b alone promotes COX-2 mRNA expression and enriches downstream PGE production, whereas another factor in the diabetic condition may be required for upregulation of other enzymes in the PGE 2 /PGE 3 synthetic and signaling pathways.
Finally, we aimed to determine the effect of dietary EPA enrichment in a different mouse model of diabetes that incorporates a strong immune phenotype: the NOD mouse. We used both male (N = 11) and female mice (N = 13), and subjected them to control or EPA-enriched diet feeding from weaning (3 to 4 weeks of age) until 17 weeks of age, a time period during which NOD mice have been reported to develop b-cell failure and overt hyperglycemia (23) . Only one female mouse developed hyperglycemia during this timeframe, though (from the EPA-enriched diet group); therefore, we restricted our analysis to the nondiabetic mice.
Random-fed blood glucose levels ( Fig. 6A and B) were not significantly different between the diet groups, save for at 10 weeks of age in the male cohort (Fig. 6A) . Similarly, body weights (Fig. 6C ) and food intake (Fig. 6D) did not differ between the groups (as mice were not singly housed, food consumption was determined by dividing the mass of food eaten per day by the number of mice in the cage and then data from males and females combined to increase the power).
Nondiabetic NOD mice still display islet immune infiltration and b-cell dysfunction (23) . Therefore, we quantified the extent of islet immune infiltration by hematoxylin and eosin staining of pancreas sections and found a similar infiltration profile between the control and EPA-enriched diet groups, although the EPA-enriched diet group did have higher percentages of islets that were noninfiltrated (score of 0) or showed peri-islet immune cells only (score of 1). The mean immune infiltration scores were not significantly different between the groups, although that of mice from the EPA-enriched diet did trend lower (control diet: 1.73 6 0.22; EPA diet: 1.35 6 0.30; N = 3 to 4/group; P = 0.38). Next, we looked at the expression of PGE 2 synthetic and signaling genes and pro/anti-inflammatory cytokines and found significant differences between islets isolated from mice fed the EPA-enriched diet as compared with the control diet. Islets from mice fed the EPA-enriched diet had significantly lower Pla2g4a, Ptges, Ptgs1, and Ptger3 expression as compared with mice fed the control diet (Fig. 6F, left) . Additionally, although most of the cytokine genes assayed had reduced expression in islets from mice fed the EPAenriched diet, expression of tumor necrosis factor-a and IL-11 was significantly increased (Fig. 6F, right) .
Next, we aimed to determine the impact of the EPAenriched diet on islet function. First, we performed OGTTs and found lower mean blood glucose levels 15 and 30 min after glucose administration in mice fed the EPA-enriched diet as compared with the control diet, with the difference at 30 min being statistically significant (Fig. 6G) . Further analysis of the individual glucose excursions showed that mean fasting blood glucose and area under the curve were reduced in the EPA-fed mice, although neither was statistically significant (Fig. 6H and  I, respectively) .
Decreased peak blood glucose levels (Fig. 6G) , coupled with changes in the expression of PGE 2 production and Figure 4 -EPA reduces EP3 mRNA expression in BTBR-Ob islets. BTBR-WT and Ob islets were incubated with BSA control (Ctrl) or EPA-enriched medium for 48 h, and islets were then snap frozen for gene expression analysis. Data were compared by one-way ANOVA with a Tukey posttest (n = 4 to 5). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 compared with BTBR-WT Ctrl; #P < 0.05, ##P < 0.01, ####P < 0.001 compared with BTBR-Ob Ctrl.
signaling genes (Fig. 6F) , suggested a primary effect of EPA-enriched diet feeding on b-cell function. To test this directly, we isolated islets and performed GSIS assays ex vivo, with or without the addition of the selective EP3 agonist sulprostone. Islets from mice fed the EPAenriched diet secreted significantly more insulin in response to glucose than islets from mice fed the control diet and showed no inhibitory response to sulprostone (Fig. 6J) . This increased secretion seemed primarily to be because of significantly increased islet insulin content (Fig. 6K) , as normalizing the secreted insulin to the total insulin content negated the statistically significant differences between the EPA diet and control diet groups, although those from animals fed the EPA-enriched diet still had higher mean GSIS in all cases (Fig. 6L) .
DISCUSSION
PGE 2 is the most abundant prostaglandin formed in b-cells and has been linked with decreased b-cell function, particularly in the condition of diabetes or in response to proinflammatory cytokines (3, 6, 7, 24, 25) . A number of methods to target the PGE 2 production and signaling pathway have been proposed as antidiabetic therapies. We ourselves have shown that a competitive EP3 antagonist, L798,106, augments the GSIS response of islets isolated from diabetic mice and human organ donors with diabetes (3). Yet, the in vivo efficacy of L798,106, or any other specific EP3 antagonist, is unclear.
In the b-cell, Ptgs2 (also known as COX-2) is the predominant COX isoform (25) , but specifically targeting this isoform to reduce metabolite production is limited by the cardiovascular risks of selective COX-2 inhibitors. Recent randomized controlled trials of various nonselective COX inhibitors have shown promise in reducing fasting blood glucose and HbA 1c (26) . Even so, these drugs are not without side effects, and the relevance to improved morbidity and mortality remains unclear (26) . This does not dampen potential enthusiasm for nonsteroidal antiinflammatory drugs as antidiabetic agents or adjuvant therapies, but leaves open the possibility for other methods to target the diabetic b-cell.
Other researchers have explored modification of substrate availability as a means to reduce n-6 PUFA metabolite production. The fat-1 mouse expresses a Caenorhabditis elegans desaturase enzyme that converts all n-6 PUFAs to n-3 PUFAs, dramatically reducing the total n-6 to n-3 ratios in all tissues tested (27) . These mice show a 98% decrease in the total pancreatic n-6/n-3 (28). The mfat-1 mouse uses the same transgene as the fat-1 mouse, except that the codons are optimized for the Data were compared by two-way ANOVA with Sidak test post hoc. *P < 0.05. E: Pancreas sections from 17-week-old female NOD mice fed the control or EPA-enriched diet were stained with hematoxylin and eosin and analyzed to determine the percentage of islets in each of the islet inflammation scoring categories, in which 0 is no infiltration and 4 is completely infiltrated. F: Quantitative RT-PCR results for genes involved in prostaglandin production and signaling (left) and cytokines (right) in islets isolated from 17-week-old male NOD mice fed the control (Ctrl) or EPA-enriched diet. Fold change in gene expression was calculated using 2
DDCt
, in which each biological replicate is normalized to the mean threshold cycle (C t ) value for b-actin. Significance was calculated for each gene using Student t test. a P < 0.05, b P < 0.01, c P < 0.001, d P < 0.0001 vs. control. G-I: Seventeenweek-old male and female mice were subjected to OGTT to 1 g/kg glucose. Glucose excursions (G), fasting blood glucose (H), and area under the curve (AUC; I) were recorded for each group. Data were compared by two-way ANOVA with Sidak test post hoc (G) or Student t test (H and I). *P < 0.05. Islets isolated from 17-week-old male NOD mice fed the control or EPA-enriched diet were subjected to in vitro analysis for total insulin secretion (J), insulin content (K), and insulin secreted as a percentage of total islet insulin content (L). Sulp., sulprostone. Significance was calculated by two-way ANOVA with Sidak test post hoc.
a P < 0.05, c P < 0.001 vs. the appropriate control.
mammalian translation machinery (29) . As compared with WT controls, mfat-1 islets have a 92% lower n-6/n-3, 46% lower PGE 2 production, and 60% higher GSIS response (29) . These results fit well with our observations from EPAincubated BTBR-Ob islets, with a 96% decrease in AA/EPA (Fig. 2B) , a 50% decrease in PGE 2 production (Fig. 3B) , and a 50% increase in GSIS as compared with controltreated islets (Fig. 2E) . The better comparison with the strain used by Pan et al. (30) (C57Bl/6J), though, would be BTBR-WT, and we saw no decrease in PGE 2 production when BTBR-WT islets were incubated with EPA and only a 20% increase in GSIS (Figs. 3B and 2E, respectively) . We also observed a 20% decrease in islet insulin content (Fig.  2D) , whereas Wei et al. (29) observed no effect of mfat-1 transgene expression on islet insulin content, meaning that the insulin secreted into the medium from BTBR-WT islets treated or not with EPA was essentially identical, similar to Wang et al. (31) , who showed that islets isolated from fat-1 mice had the same GSIS response as littermate controls. We cannot explain the differences between the mfat-1 islet results and our own. Fat-1 mice are protected from developing hyperglycemia when subjected to multiple low-dose streptozotocin induction of diabetes (28, 31) , which is known to stimulate an immune response (32) . IL-1b has been proposed as a critical regulator of islet Ptgs2 expression (8, 22, 33, 34) . IL-1b can also induce rat islet Ptger3 expression (8) . In our study, IL-1b, Ptgs2, and Ptger3 expression are all significantly enhanced in BTBR-Ob islets as compared with BTBR-WT, and EPA enrichment significantly reduces the expression of IL-1b and Ptger3 (Figs. 3A, 4 , and 5A). Further, IL-1b is sufficient to increase Ptgs2 expression and downstream PGE 2 production from BRBR-WT islets, and EPA enrichment significantly blunts these effects (Fig.  5B ). Yet, this model is complicated by the fact that EPA enrichment had no effect on BTBR-Ob islet Ptgs2 mRNA expression (Fig. 3A) and suggests that other factors may be helping to limit PGE 2 production and action with EPA treatment.
Previous binding and functional studies with a human EP3 receptor showed higher IC 50 and lower relative affinity for PGE 3 versus PGE 2 (35, 36) . Our results with isolated mouse islets support these conclusions, as ;10 times more PGE 3 is required to inhibit insulin secretion to the same extent as PGE 2 (Fig. 3D ). Yet, little is known regarding the direct impact of other EPA-derived eicosanoids on b-cell function. One EPA-derived eicosanoid, 5-hydroxy-EPA, can agonize GPR119 in a mouse insulinoma cell line, which ultimately enhances insulin secretion (37). Moreover, resolution of an immune response leads to the formation of EPA-derived metabolites termed resolvins, which promote insulin sensitivity in an obese mouse model (38). In the current study, we cannot rule out other EPA-derived eicosanoids and metabolites influencing insulin secretion in islets from BTBR-Ob mice.
Long-chain fatty acids, including EPA, can directly mediate signaling pathways potentially impacting b-cell function and health depending on whether they are transiently or chronically administered (2, 39) . Transient EPA treatment augmented insulin secretion from the b-TC3 insulinoma cell line (40) . In another study, 48-h EPA treatment restored palmitate-treated mouse islet insulin secretion by inhibiting the activation of sterol regulatory element-binding protein 1c (SREBP-1c) , and diabetic mice provided a daily dose of EPA for 28 days exhibited lower SREBP-1c mRNA levels and enhanced islet insulin secretion ex vivo (18) . Taken together, we cannot rule out the impact of these other pathways on our model. Indeed, our NAD(P)H-FLIM data (Fig. 2F) rule out any effect of EPA to augment flux through the electron transport chain, suggesting that EPA acts at a distal site in the secretory pathway, which would be consistent with a model in which EPA acts directly or indirectly (by reducing PGE 2 production) on b-cell function. The concordance of EPA enrichment with the effects of a specific EP3 antagonist, L798,106, on improving GSIS from BTBR-Ob islets, though, supports the latter model.
Studying an n-3 PUFA dietary intervention directly has been complicated by the fact that mice fed a high-PUFA diet do not typically become obese (41); thus, any protective effect would be complicated by the lack of obesity, insulin resistance, and accompanying metabolic derangements. We were not able to complete a full dietary intervention study in the BTBR-Ob mice because of the accelerated diabetes phenotype after feeding a chemically defined diet (Fig. 1D-H ). This challenge, though, allowed us to determine the direct effect of EPA enrichment specifically on b-cell function in islets isolated from a T2D model. In addition, we were able to complete a dietary intervention study in the NOD mouse model. Although we are unable to comment on whether the EPA-enriched diet is protective overall against the development of diabetes because of a lack of diabetic phenotype penetrance, we did find improved glucose tolerance (Fig. 6G ) in mice fed a diet enriched in EPA, which directly correlated with higher insulin secretion and a reduced inhibitory effect to the EP3 agonist sulprostone in islets isolated from NOD mice fed the EPA-enriched diet (Fig. 6J-L) . Interestingly, some of the mechanisms implicated in the BTBR-Ob model, including increased IL-1b and Ptgs2 expression, do not appear to be recapitulated in the NOD model, at least at the 17-week time point. Further, changes in inflammatory cytokines, whether significantly decreased (transforming growth factor-b, IL-10, IL-23, and cxcl2) or increased (tumor necrosis factor-a and IL-11) (Fig.  6F, right) , even in the absence of significant differences in the overall islet immune infiltration profile (Fig. 6E) , suggest that improved b-cell function might also be because of changes in the type and/or cellular composition of immune infiltrate, a hypothesis that is worthy of future study.
To summarize, in this work, we find an important link between islet phospholipid composition and function in murine models of diabetes, both T1D and T2D. We demonstrate that EPA enrichment enhances T2D mouse islet function because of both reduced PGE 2 production and EP3 expression and is correlated with improved glucose tolerance and islet function in a T1D mouse model. These beneficial effects result from both decreased AA substrate availability and an altered islet inflammatory profile, although the specific mechanisms for protection differ between the T2D and T1D models.
